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Cosmic rays can interact with the solar atmosphere and produce a slew of secondary messengers,
making the Sun a bright gamma-ray source in the sky. Detailed observations with Fermi-LAT
have shown that these interactions must be strongly affected by solar magnetic fields in order to
produce the wide range of observational features, such as high flux and hard spectrum. However, the
detailed mechanisms behind these features are still a mystery. In this work, we tackle this problem
by performing particle-interaction simulations in the solar atmosphere in the presence of coronal
magnetic fields modeled using the potential field source surface (PFSS) model. We find that the
low-energy (∼GeV) gamma-ray production is significantly enhanced by the coronal magnetic fields,
but the enhancement decreases rapidly with energy. The enhancement is directly correlated with
the production of gamma rays with large deviation angles relative to the input cosmic-ray direction.
We conclude that coronal magnetic fields are essential for correctly modeling solar disk gamma rays
below 10 GeV, but above that the effect of coronal magnetic fields diminishes. Other magnetic field
structures are needed to explain the high-energy disk emission.
I. INTRODUCTION
The Sun is a high-energy astrophysical source due to
its interactions with cosmic rays: Cosmic-ray electrons
inverse-Compton scatter with sunlight and produce a dif-
fuse gamma-ray halo around the Sun [1–3]; Cosmic-ray
nuclei interact with the solar atmosphere hadronically,
and produce secondary gamma rays and neutrinos [4–
6]. The latter component is mainly emitted from the
photosphere, thus is more concentrated than the inverse-
Compton halo; we denote it as the solar disk emission.
The solar disk gamma-ray emission was first detected
with EGRET [7, 8] and later with Fermi-LAT with much
better precision [9]. The observed emission is higher than
early estimates by almost an order of magnitude [5]. Sub-
sequent analyses with six years [10] and nine years of
Fermi data [11, 12] have found several new features, in-
cluding: 1) The flux anticorrelates with solar activity
at low energies (∼ 1 GeV) as well as at the highest de-
tected energy (∼ 100 GeV) with a much larger correla-
tion amplitude; 2) The flux exhibits a hard spectral in-
dex (∼ E−2.2) and reaches up to at least 200 GeV during
solar minimum; 3) A spectral dip around 3050 GeV; 4)
The morphology of the solar emission varies strongly as
a function of the solar cycle. See Ref. [13] for a brief
overview. These signatures are all unexplained, and sug-
gest that the disk emission is significantly affected by
solar magnetic fields. It is still an open problem on how
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magnetic fields facilitate the production of the observed
solar gamma rays and its features.
Because the > 100 GeV gamma-ray emission is highly
variable, and has a hard spectrum during solar minimum,
very-high-energy observation of the Sun is another valu-
able avenue for probing the underlying physics. Only
large ground-based air-shower array experiments, such
as ARGO-YBJ, HAWC, and LHAASO can observe the
Sun at TeV energies. ARGO-YBJ has provided the first
set of strong constraints on sub-TeV to 10 TeV emission
during the quiet Sun period from 2008–2010 [14]. HAWC
was able to provide a stronger constraint [15] using data
from November 2014 to December 2017. However, the
Sun was more active in that period, thus the high-energy
spectrum is expected to be soft from Fermi observations.
IceCube has performed the first dedicated search of so-
lar atmospheric neutrinos [16], but the sensitivity is still
above the predicted flux [17, 18].
The first detailed computation of the solar disk
gamma-ray flux was performed by Seckel, Stanev, and
Gaisser [5], who proposed that charged cosmic rays en-
tering the atmosphere are reflected by concentrated mag-
netic flux tubes, and thus enhances the gamma-ray pro-
duction compared to the zero-magnetic field case. Until
recently, calculations that focus on gamma rays [19, 20]
and neutrinos [6, 17, 18] all ignored magnetic fields. In
Ref. [19], the minimum disk emission from the Sun limb
was estimated with zero-magnetic field calculations, and
in Ref. [11], the maximum was estimated by assuming
all cosmic rays are reflected on the solar surface and pro-
duce gamma rays with 100% efficiency. However, none
of the calculations can explain the observations, such as
the flux, spectral shape, time variability, etc.
ar
X
iv
:2
00
9.
03
88
8v
1 
 [a
str
o-
ph
.H
E]
  8
 Se
p 2
02
0
2In this work, as a first step to understand the phe-
nomenologies behind cosmic rays interacting with the
Sun, we study the production of solar disk emission using
the particle simulation toolkit, Geant4, together with the
observation-based PFSS magnetic-field model.
II. SIMULATION SETUP
A. The Geant4 Toolkit
Geant4 is a software toolkit that simulates the pas-
sage of particles through matter [21]. Due to its powerful
functionality and modeling capability, Geant4 is used in
many applications, such as high-energy physics, nuclear
physics, medical science, and space science. We base our
computation on version 10.3.3.
A typical Geant4 simulation contains many compo-
nents, such as detector designation, event generator, par-
ticle definition, and physics models. We focus on the en-
ergy range between 100 MeV and 100 TeV, which covers
the energy range of Fermi and HAWC. To model both
hadronic and electromagnetic interactions, we use the
FTFP-BERT physics list. Below 5 GeV, the Bertini cas-
cade model [22] is used. With a transition between 4-
5 GeV, the Fritiof string model is used above 4 GeV[23].
Magnetic fields are included in Geant4 through a sep-
arate class. Following the Geant4 guide, we compute the
particle tracks using the default Runge-Kutta method.
B. The G4SOLAR code
Based on the Geant4 toolkit, we develop G4SOLAR, a
program that handles particle propagation and particle
interactions in the solar atmosphere. In this section, we
describe the essential components of G4SOLAR.
1. Solar atmosphere
The atmosphere of the Sun consists of the photosphere,
the chromosphere, and the corona [26]. The photosphere,
with roughly 500 km thickness, is the layer where the
Sun becomes optically opaque. The chromosphere is the
region roughly a few thousand km above the photosphere;
and the corona is defined as the large region above the
chromosphere, where the temperature rises to millions of
kelvin.
Figure 1 shows the density distribution of the solar
atmosphere used in our calculation. Below the pho-
tosphere (set at 0 km), we use the density provide by
Ref. [24], and we use Eq. (2.1) of Ref. [5] to extend it to
1600 km. Between 1600 to 3000 km, we use the data in
Ref. [25]. We configure the Sun as a sphere and divide
the region from -600 km to +3000 km into 3600 equal-
thickness layers following the density profile shown in the
figure.
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FIG. 1. The density profile of the Sun near the photosphere [5,
24, 25].
2. Solar magnetic fields
For magnetic fields near the Sun, we consider the po-
tential field source surface (PFSS) model [27–30], which
describes the large-scale magnetic fields above the photo-
sphere, R. Using the photospheric magnetic-field mea-
surement as a boundary condition, and assuming that the
current density is zero as well as the fields are completely
radial at a distance, Rss ∼ O(1)R, the magnetic fields
between R and Rss can be computed by solving for the
scalar potential. Thus, for each complete Carrington cy-
cle (∼ 27 days), using the photospheric measurements by
observatories such as GONG [31], and SOHO/MDI [32],
a PFSS model can be obtained with only Rss as a free
parameter, which is fitted separately. We note that the
large-scale magnetic fields we consider are drastically dif-
ferent from the small-scale magnetic flux tube used by
Seckel et al. [5]; we compare with their results in de-
tail in Sec. III G. The PFSS model is easy to implement
and was found to agree reasonably well with more de-
tailed and computationally expensive magnetohydrody-
namic models [33], thus making it a natural choice for
our simulation study.
The PFSS models are obtained using the Solar Soft-
ware (SSW) package [34]. We consider the Carrington
Rotations 2070 (13 May 2008 to 9 Jun 2008) for solar
minimum and 2149 (07 Apr 2014 to 04 May 2014) for so-
lar maximum. The source surface parameter is chosen to
be 1.6R for solar minimum, 2.5R for solar maximum.
Hereafter, we denote the solar minimum case as Quiet,
the solar maximum case as Active, and the control case
with zero magnetic field as NoField.
We evaluate the PFSS model in a 361 (radial) ×
180 (polar) × 360 (azimuthal) grid in our simulation vol-
3TABLE I. The mean values for the three components of the
PFSS magnetic fields and their standard deviations for Quiet
and Active cases, evaluated at the photosphere.
< Br > [G] < Bθ > [G] < Bφ > [G]
Quiet 0.03 ± 2.16 0.11 ± 2.22 -1.04 ± 2.45
Active -0.35 ± 15.42 0.66 ± 15.46 0.77 ± 2.54
ume. We note that typically the PFSS model starts at the
photosphere. For our purpose, we extrapolate the PFSS
model down to 600 km below the photosphere. Because
we start our simulation at +3000 km, we also practically
ignore all the magnetic fields above this height. During
simulation, the value of the magnetic fields at each point
in the simulation volume is then obtained by interpolat-
ing these grid points.
Table I shows the mean values of the magnetic fields
and their standard deviations for the two phases of so-
lar activity with the PFSS model. We obtain the mean
and the deviation values by sampling 100,000 points ran-
domly at the photosphere. These values are stable versus
height. Changing the sampling point between -600 km
and +3000,km change the values by a few percent. In
general, the mean values are close to zero, which is due
to averaging regions with magnetic fields of opposite di-
rections. The standard deviation is thus more represen-
tative of the typical field strength of the model, which is
' 2 G for the Quiet case. For the Active case, however,
the standard deviation is much larger, ' 15 G for the r
and θ component.
3. Particle sampling
The final component of G4SOLAR is the position and di-
rection sampling of the cosmic-ray particles. The starting
position of the input particles are first sampled uniformly
at 3000 km above the photosphere. We consider the en-
ergy between 100 MeV and 100 TeV, which is divided uni-
formly into six logarithmic intervals. For each interval,
the energy is sampled with a spectral index -1 (uniform
in log.), and have sampling size varies due to computa-
tional time consideration, with the number of particles
between 105 and 106.
The momentum vectors of the particles at the input
position also need to be sampled. We define the incident
angle, ωp, as the angle between the momentum vector
and the normal direction of the spherical simulation vol-
ume at particle position (see Sec. III E). The number of
particles is then sampled according to N ∝ sinωp cosωp.
Here sinωp is the solid angle factor and cosωp takes
into account the geometric factor between the incom-
ing cosmic-ray flux and the receiving surface element.
The azimuthal direction of the particles are sampled uni-
formly. In our setup, only events with ω ≥ 90◦ can enter
and interact with the Sun, we thus only sample in the
range between 90◦ and 180◦.
All the particles are tracked only when they are in
the simulation volume. Thus, for particles leaving the
-600 km layer, we assume they are completely absorbed;
for particles leaving the 3000 km layer, we assume they
have escaped. The simulation results thus consist of all
the escaped gamma-ray events.
C. Cosmic-ray spectrum and output flux
To connect the simulation results to real world situ-
ations, the cosmic-ray spectrum is required. It is well-
known that the Sun can change the cosmic-ray propaga-
tion environment in the solar system [35], and modulate
the cosmic-ray flux as they propagate inward from the
interstellar space. It is thus natural to expect additional
modulation exist when cosmic rays propagate from Earth
orbit to the vicinity of the Sun. However, cosmic-ray
propagation in the solar system is still an open prob-
lem [36], and is likely important only at low energies.
For simplicity, we use the cosmic-ray spectrum measured
at the Earth position and defer the inclusion of solar
modulation for future works.
We set the composition of the Sun to be 100% protons,
and only consider cosmic-ray protons. Including heavier
species, such as Helium, would increase the gamma-ray
flux by less than a factor of 2 [19], which is a relatively
small correction factor considering other uncertainties,
such as solar magnetic field models.
We use the 2006 proton spectrum by PAMELA [37] from
0.1 MeV to 45 GeV, then AMS-02 [38] from 45 GeV to
2.5 TeV, and finally CREAM [39] up to 100 TeV. The final
photon flux is then obtained by weighting the cosmic-ray
spectrum with the simulation spectrum event by event,
and then divided by the Earth–Sun distance squared.
III. SIMULATION RESULTS
A. Zero magnetic field case
We first consider the NoField case as a cross check and
validation of the simulation procedure. The simulation
and analysis are performed without magnetic fields, oth-
erwise keeping all procedures identical to the cases with
magnetic fields.
Figure 2 shows the results for the NoField case. We
compare with the semi-analytic calculation by Zhou et
al. [19], where they assumed that the incoming cosmic
rays and the gamma rays produced are collinear. With
this approximation, only cosmic rays that point at the
Earth and graze through the edge of the solar atmo-
sphere can produce detectable gamma rays (Sun limb).
This limb flux can be easily calculated as it is a 1D com-
putation; the resultant flux roughly follows the cosmic-
ray spectral index. We find that our NoField results
agree well with Zhou et al. above 10 GeV, meaning that
the collinear approximation is appropriate here. Below
10 GeV the NoField case has much higher gamma-ray
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FIG. 2. Simulated solar disk gamma-ray flux without mag-
netic fields (NoField). For comparison, we also show the 1D
semi-analytic calculation by Zhou et al. [19], and the simpli-
fied Geant4 simulation result by Gao et al. [20]. The enhanced
gamma-ray production below 10 GeV is due to large-angle
events caused by kinematics. See Sec. III E 1 for details.
production, which is caused by large-angle gamma-ray
events. We discuss this in more detail in Sec. III E 1.
Above a few TeV, we start to see deviations due to the
imposed cosmic-ray energy cutoff at 100 TeV.
We also compare our results with Gao et al. [20], the
precursor of this work, where the cosmic-ray position
sampling step was not implemented due to the spherical
symmetry of the problem when magnetic fields are not
included. We find that our results agree well with each
other. This validates our 3D position and angle sampling
procedures described in Sec. II A, which are necessary
once global solar magnetic fields are introduced.
B. Results with magnetic fields
Figure 3 shows the solar disk gamma-ray flux for Quiet
and Active together with that for NoField. We find that
the the PFSS magnetic fields can dramatically change
the gamma-ray production. At 100 MeV, all three cases
have similar flux. Between 100 MeV and 10 GeV, though,
both Quiet and Active exhibit harder spectral shapes
and have higher flux than the NoField case. The differ-
ence in flux is the largest at around 10 GeV, by almost
two orders of magnitude. Above 10 GeV, the spectra fall
sharply, and have spectral shapes even softer than the
cosmic-ray spectrum. Around 1 TeV, the Quiet flux and
Active flux merge with the NoField flux, showing that
the PFSS magnetic fields can no longer affect the gamma-
ray production. We interpret these observations using
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FIG. 3. Solar disk gamma-ray flux computed by G4SOLAR
without magnetic fields (NoField), with solar minimum PFSS
magnetic fields (Quiet), and with solar maximum PFSS mag-
netic fields (Active). The magnetic fields boost the gamma-
ray production by enhancing the production of large-angle
events. See Sec. III E 2 for details.
the event angular distributions in Sec. III E 2.
Comparing the results between Quiet and Active, the
two fluxes have similar shapes, except that the Active
flux becomes larger by about a factor of two in 1 GeV to
1 TeV.
In the next few subsections, we explore in detail the
simulation results and attempt to understand various
properties of these results.
C. Physical Processes
Figure 4 shows the breakdown of the physical processes
that contribute to the solar disk gamma-ray production.
For all three cases, we find that the dominant contribu-
tion comes from neutral pion (pi0) decays. These pions
could be produced directly from the primary proton in-
teractions, or from the subsequent hadronic showers. Due
to the short lifetime of pi0, they decay promptly before
undergoing additional scatterings. As a result, pi0 can ef-
ficiently convert the primary proton energy into gamma
rays.
The second most important source of gamma rays,
at ∼ 10% level, comes from electron and positron
bremsstrahlung as well as positron annihilation (labelled
simply as e+e−). These electrons and positrons come
from the final states of many secondaries (e.g., pi±), or
they can be produced from electromagnetic showers ini-
tiated by energetic gamma rays or electrons.
Finally, we group the remaining gamma-ray produc-
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FIG. 4. The breakdown of the total flux into the physical processes that are responsible for the gamma-ray production.
The dominant process is neutral pion decays, then followed by electron/positron bremsstrahlung and annihilation, and finally
miscellaneous processes that include decay of heavier hadron states, etc. See text for details.
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FIG. 5. The breakdown of the total flux into the contributions from the corresponding input proton energy intervals. Vertical
lines correspond to isolated nonzero energy bins.
tion channels into “others”, which includes decays of
heavier hadron states (e.g., η,Σ,Ω, etc), hadron inelastic
scatterings, muon-bremsstrahlung, etc. These contribu-
tions are subdominant, but not negligible.
D. Energy contribution
FIG. 6. The definitions of the angles considered in Sec. III E.
Schematically, the grey region highlights the simulation vol-
ume. The black arrow is the normal direction from the cen-
ter of the Sun and the dark red (blue) arrow is the pro-
ton (gamma-ray) velocity vector.
60.0 0.2 0.4 0.6 0.8 1.0
10 2
10 1
100
 N
or
m
al
ize
d 
N
Ep = 100MeV 1GeV NoField
Active
Quiet
0.0 0.2 0.4 0.6 0.8 1.0
10 2
10 1
100
Ep = 1GeV 10GeV
0.0 0.2 0.4 0.6 0.8 1.0
10 2
10 1
100
Ep = 10GeV 100GeV
0.0 0.2 0.4 0.6 0.8 1.0
 cos( )
10 2
10 1
100
 N
or
m
al
ize
d 
N
Ep = 100GeV 1TeV
E  > 1GeV
0.0 0.2 0.4 0.6 0.8 1.0
 cos( )
10 2
10 1
100
Ep = 1TeV 10TeV
E  > 10GeV
0.0 0.2 0.4 0.6 0.8 1.0
 cos( )
10 2
10 1
100
Ep = 10TeV 100TeV
E  > 100GeV
FIG. 7. The angular distribution of the gamma rays produced in NoField, Quiet, and Active. cos(ωγ) = 1 corresponds to the
radially outward direction and cos(ωγ) = 0 corresponds to the tangential direction. Each panel correspond to an interval of
the input proton energies, and the distributions are all renormalized to have the same area. For display purpose, gamma-ray
energy cuts are applied in the bottom three panels. Comparing between NoField and the results with magnetic fields, the
gamma-ray angular distribution is significantly widened at high energies.
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FIG. 8. The angular distribution of the incoming protons that have successfully produced an outgoing photon. ωp is defined as
the angle between the proton velocity vector and the normal direction of the simulation volume at the proton injection position.
7Figure 5 shows the contributions from each input pro-
ton energy intervals to the total gamma-ray flux. In-
terestingly, for proton energies 0.1 GeV to 10 GeV, we
find no significant changes in the contribution between
NoField and those with magnetic fields. Most of the
flux enhancements for Quiet and Active come from pro-
ton energies from 10 GeV to 1 TeV, where the low en-
ergy “tails” in the NoField case change into “bumps” in
the cases with magnetic fields. From 1 TeV to 100 TeV,
while the gamma-ray production is enhanced, the en-
hancements are mainly at low energies, which are buried
by the other low-proton-energy components and have lit-
tle effect to the final results.
E. Event angular distribution
We explore in detail the angular distribution of pro-
tons that interact in the solar atmosphere as well as that
of the outgoing gamma rays, which we find helpful in elu-
cidating the the physics behind the enhanced gamma-ray
production with magnetic fields. We consider three an-
gles, ωp, ωγ , and ωγp, which are illustrated schematically
in Fig 6.
Figure 7 shows the angular distribution of the outgoing
gamma rays. We define the angle ωγ as the angle between
the vector of the escaped gamma rays and the normal
direction of the spherical simulation volume, evaluated
at +3000 km above the photosphere. In other words,
cos(ωγ) = 1, 0 correspond to gamma rays pointing ra-
dially outward and tangential to the simulation volume,
respectively.
Similarly, Figure 8 shows the angular distribution for
the incoming protons, where the angle ωp is defined by
the angle between the proton vector and the normal di-
rection at +3000 km. We note that here we only consider
protons that have successfully produced at least one es-
caped photon; protons that are completely absorbed or
escaped without producing gamma rays are not included
here.
And finally, Figure 9 shows the distribution for ωγp, de-
fined as the angles between the outgoing gamma rays and
the incoming protons that produce gamma rays. Each
proton could contribute multiple outgoing photons; all
these pairs are considered in the distribution.
We note that for high proton energies, a large number
of lower-energy gamma rays are produced, which are not
important to the problem at hand, as shown in Sec. III D.
Therefore, to highlight the angular distribution for the
relevant photons, we apply gamma-ray energy cuts Eγ >
1GeV, Eγ > 10GeV, and Eγ > 100GeV for the three
proton energy intervals above 100 GeV, respectively.
1. Distribution without magnetic fields
It is instructive to first consider the NoField case. At
high energies (Ep > 100 GeV), we find that the distribu-
tions tend towards ωγ ' 90◦, ωp ' 90◦, and ωγp ' 0◦.
This peaked angular distribution appear naturally due
to the large Lorentz factor (except for the low-energy
secondary photons that are cut from the figures). This
corresponds to the Sun-limb scenarios, as discussed in
Ref. [19].
However, for lower energy protons, we find that the dis-
tribution become significantly broader. Because there are
no magnetic fields to change the trajectories of the parti-
cles, the broader distribution must be caused by mildly-
relativistic scattering kinematics or multiple small-angle
scatterings. We defer more detailed identification of the
responsible particles and the interactions to future works.
The broader angular distribution can also explain the
difference between the calculations from Zhou et al. [19]
and the simulation results from this work and Gao et
al. [20]. With the 1D approximation used in Zhou et
al., gamma rays produced by protons with steep incident
angles are all absorbed. However, as shown in our 3D
calculation, e.g., the ωp distribution in 1 GeV-100 GeV,
the distribution is broad and even down-going protons
(ωp ∼ 180◦) can produce observable gamma rays. This
is also precisely the proton energy range responsible for
the enhanced gamma-ray flux (Eγ ∼ 1 GeV) in our sim-
ulation compared to that by Zhou et al. Therefore, we
conclude that by kinematic effects alone, proton-proton
scattering can produce large-angle events; and these large
angle events are responsible for enhancing the gamma-ray
production around 1 GeV. At higher energies, as gamma
rays and protons become more collinear, the 3D and 1D
calculations produce similar results.
2. Distribution with magnetic fields
Comparing the angular distributions of NoField with
that from Quiet and Active, we see that the PFSS mag-
netic fields have a significant impact on the distribution.
This is expected as both the directions of the primary
protons and the charged secondaries (pi±, e±, etc) are
bent as they propagate in the simulation volume. The
bending effect is evidently shown in the ωp distribution.
Importantly, as the NoField distribution becomes more
peaked for Ep > 100 GeV, the distribution with magnetic
fields remain broad until Ep > 10 TeV. Following the ob-
servations from the previous section, the broader distri-
bution is responsible for the enhanced gamma-ray pro-
duction compared with the NoField case. We conclude
that the broadening of the angular distributions, caused
by magnetic fields bending the cosmic-ray primaries and
secondaries, can enhance the solar gamma-ray produc-
tion.
Finally, comparing between the Quiet and Active re-
sults, we find that the Active angular distribution has
more large-angle contributions than that for Quiet. This
also explains why our simulation results find that the
Active flux is larger than the Quiet flux around 10 GeV-
1 TeV. This follows from Tab. I, where Active have
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FIG. 9. The distribution of the angle between each pair of incoming protons and outgoing gamma rays, ωγp.
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FIG. 10. Our simulation results (NoField, Quiet, and Active) compared with solar disk observations from the 1.5-yr analysis
by the Fermi collaboration [9], follow-up analysis with a similar period by Tang et al. [12], and their 9-yr averaged results. We
also show the prediction from Seckel et al. [5] (SSG1991), and the theoretical upper bound from Linden et al. [11]. The upper
limits at high energies comes from ARGO-YBJ [14] and HAWC [15].
higher typical magnetic fields than Quiet, thus leading to
more magnetic bendings. On the other hand, the Quiet
result is similar to the Active result around 1 GeV. This
suggests that below 1 GeV, larger magnetic fields does
not further enhance the gamma-ray production, which
is also shown by the similar ωγp distribution for proton
energy between 1 GeV and 100 GeV. In other words, the
magnetic-field enhancement effect saturates.
93. Estimating the Gyroradius
It is instructive to estimate the gyroradius, which puts
the length and energy scales into perspective. The short-
est length scale of our simulation is in the radial direction,
3600 km. Setting this as the gyroradius and consider 10 G
as a typical field strength (Sec. II B 2), the critical energy
is
Ec ' 1 TeV
( r
3600 km
)( B
10 G
)
. (1)
This means that it is possible for protons with energies
below Ec to undergo a complete reversal in their point-
ing direction in the simulation volume. Above Ec, one
would then expect the effect of magnetic fields to decrease
and approach the collinear limit. Indeed, this is consis-
tent with observations from Figs. 8 and 9, where we can
see that the angular distributions undergo a qualitative
change below and above TeV.
F. Comparison with observations
Figure 10 shows our simulated solar disk emission to-
gether with observational results and constraints. We
show the ' 1.5-year result (Aug. 2008 – Feb. 2010) ob-
tained by the Fermi collaboration [9] and the ' 1.5-year
result (Aug. 2008 – Jan. 2010) obtained by Tang et
al. [12] that extended the analysis to higher energy. Dur-
ing these periods, the Sun is dominantly in quiet states,
which we simply denote as solar minimum. We also show
the 9-year analysis (Aug. 2008 – Jul. 2017) by Tang et al.
that covers both periods of low and high solar activities.
At low energies, between 0.1 GeV and 10 GeV, our re-
sults with magnetic fields are comparable to the solar
minimum flux up to a factor of 2. Interestingly, Fermi
observation suggests that the flux at this energy range
anti-correlates with the solar activities [10, 12], which is
not seen in the simulation result. This suggests addi-
tional physics is at play. One possibility is solar modula-
tion in the inner solar system, which has the correct time
variability, as the cosmic-ray flux is smaller when the Sun
is more active. In short, the PFSS magnetic fields alone
mildly over-produces the flux at this energy range, and
cannot capture the time variability.
At higher energies, our results fall below the data
quickly. At 100 GeV, both the Quiet and Active results
is about 1 order of magnitude less than the observation.
In particular, the spectrum of solar minimum observation
was found to be hard until at least 200 GeV with no signs
of cutoff, making the disagreement with our results even
larger. For the 9-year averaged spectrum, which is dom-
inated by periods of higher solar activity, the spectrum
softens rapidly above 100 GeV, and could potentially fall
into agreement with our calculations. The quality of mea-
surement, however, is not sufficient to draw conclusive
statements yet. Lastly, we also do not see the extreme
time variability in the > 100 GeV photon flux and the
spectral dip around 30-50 GeV [11, 12]. Thus, new mag-
netic fields or new physics ingredients must be needed,
in addition to coronal fields, to explain the high-energy
photon flux.
Above the Fermi-LAT energy range, only large ground-
based air shower gamma-ray observatories can poten-
tially detect high-energy gamma rays from the Sun.
We show the upper limits from ARGO-YBJ [40] and
HAWC [15], both orders of magnitude higher than our
calculation. For reference, we also show the theoretical
upper limit from cosmic rays interacting with the atmo-
sphere [11]. Given that the solar minimum flux measure-
ment by Fermi did not exhibit a cutoff, a detection could
be possible with HAWC or LHAASO. TeV detection or
constraint will be essential for identifying the mechanism
responsible for the high-energy flux.
G. Comparison with other calculations with
magnetic fields
For many years, the only solar disk gamma-ray calcu-
lation that took into account magnetic fields was the pio-
neer work by Seckel, Stanev, and Gaisser (SSG1991 [5]).
In SSG1991, cosmic-ray propagation in the solar system
was taken into account, and more importantly, cosmic
rays entering the solar atmosphere were assumed to be
funneled into magnetic flux tubes, and then reflected in
the flux tubes due to the large field gradient. As a re-
sult, the gamma-ray production is enhanced by having
the possibility of cosmic rays interacting after being re-
flected. However, even with such an enhancement, the
SSG1991 model prediction is still much lower than the
observation. Interestingly, in this work we find that at
low energies, scattering kinematics and coronal magnetic
fields can provide more than enough boost to the gamma-
ray production. Thus, we find that the SSG1991 flux-
tube reflection may be a subdominant mechanism for en-
hancing the gamma-ray production. However, flux tubes
could still be important for bringing the 0.1–10 GeV flux
to quantitatively match the observational data.
During the final completion stage of this work, Mazz-
iotta et al. [41] have independently published a work
that used another particle interaction simulation pack-
age FLUKA [42] to simulate the solar disk gamma-ray pro-
duction. Compared to this work, Mazziotta et al. addi-
tionally took into account cosmic-ray propagation in the
solar system, multiple particle species, and employed a
much larger simulation volume filled with the PFSS mag-
netic fields. Despite all the differences, our results agree
with Mazziotta et al. qualitatively in the sense that with
PFSS magnetic fields, the ∼ 1 GeV gamma-ray produc-
tion is sufficiently boosted to reach that of the obser-
vation. Mazziotta et al. also showed that with an en-
hanced magnetic field profile near the photosphere (the
BIFROST profile), the gamma-ray production at higher
energies can be further enhanced. This is in good agree-
ment with our physical interpretation on the nature of
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the boost mechanism in Sec.III E 2. However, with or
without the boosted magnetic field profile, the gamma
rays above 100 GeV during solar minimum still cannot
be explained. This agrees with our conclusion that coro-
nal magnetic fields can not explain the high-energy disk
emission.
IV. CONCLUSIONS AND OUTLOOK
A. Conclusion
In this work, we present our Geant4 based code
G4SOLAR, which simulates cosmic-ray interactions in the
solar atmosphere with magnetic fields. Using G4SOLAR,
we compute the solar disk gamma-ray flux in three sce-
narios, without magnetic fields (NoField), with coronal
magnetic fields during low solar activity (Quiet), and
with magnetic fields during peak solar activity (Active).
We use the PFSS coronal magnetic field model, and we
only focus in the volume from 600 km below photosphere
to 3000 above, where interactions are expected to hap-
pen.
From the simulated gamma-ray flux spectrum and by
studying their underlying composition and angular dis-
tributions, we have these main findings:
• Without magnetic fields, the solar disk flux produc-
tion below 10 GeV can be significantly enhanced
due to photons produced with large scattering an-
gles relative to the primary proton direction, caused
purely by particle scattering kinematics.
• With the PFSS magnetic fields, the solar disk flux
production is further enhanced up to 1 TeV. This is
due to much wider angular distribution for the es-
caped gamma rays, caused by magnetic fields bend-
ing the trajectories of primary protons and charged
secondaries.
While there are still significant quantitative disagree-
ments between our result and the observations [9–12],
we believe this work has elucidated at least one pathway
that could lead to a complete model for explaining the
solar disk gamma-ray flux.
B. Outlook
In this work, we find that coronal fields can not ex-
plain the observed gamma rays above 100 GeV, especially
during solar minimum. This suggests that features with
stronger magnetic fields, e.g., sunspots or active regions,
could be responsible for the production of high-energy
gamma rays. However, this is contradictory to the ob-
served time variation [11, 12], where more high-energy
photons were observed from the Sun during solar mini-
mum, when the number of sunspots are few. We leave
these investigations for future works.
Our results also overshoot the gamma-ray production
at lower energies around 1 GeV. This suggests that addi-
tional physics inputs are needed to quantitatively explain
this energy regime. However, one would expect multiple
sources of magnetic fields could be strong enough to suf-
ficiently affect the low-energy gamma-ray productions,
such as the solar modulation of cosmic rays in the so-
lar system [41, 43, 44], magnetic flux tubes, the strong
magnetic field features responsible for the high energy
gamma-ray production, and possibly more.
The gamma-ray data by Fermi-LAT [9–12] provide a
rich set of phenomena that is not touched nor explained
in this work, including time variations, spectral features,
and gamma-ray morphology. Furthermore, cosmic-ray
Sun shadows [45–49] should be intimately related to the
production of the disk gamma rays [50]. We anticipate
that once the relevant magnetic fields are identified or in-
cluded in the calculation, these features and observations
will be important for verifying or differentiating compet-
ing models.
In the near future, TeV gamma-ray telescopes such as
HAWC [15] and LHAASO [51] should provide valuable
information on the solar disk emission, as the flux seems
to extend beyond 200 GeV without signs of cutoff during
the 2008 solar minimum [11, 12]. If such a hard emission
repeats again during the upcoming solar minimum, a de-
tection could be possible in the very-high-energy regime.
High-energy neutrinos are inevitably produced to-
gether with the solar disk gamma-ray flux [4–6, 17, 18,
41, 52, 53], and could potentially be detected by neu-
trino telescopes [16]. At the same time, the Sun is an
important target for dark matter searches, where the sig-
nal could be anamalous neutrinos [54–61] and gamma
rays [62–64]. Searches of these signals have yielded
some of the strongest dark matter constraints in the
literature [65–70]. Having a robust model of cosmic
rays interacting with the Sun is important for getting
an accurate background estimate for these dark matter
searches [17, 18, 71].
Ultimately, a precise understanding of how cosmic rays
interact with the Sun could have the potential of allowing
high-energy gamma rays and neutrinos as new windows
for probing solar magnetic fields [36, 72–77], and could
offer new perspectives in solar physics.
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